We demonstrate a photonic crystal nanocavity laser essentially driven by single quantum dot gain. A diluted quantum dot density (~0.4/cavity) resulted in clear single quantum dot feature and distinct phase transition in photon correlation measurements.
Introduction
Development of nanotechnology enables laser oscillation with a small number of emitters, such as a one-atom laser [1] . The system generally includes an isolated gas atom trapped in a vacant large cavity. Such a laser is, in principle, implementable in also solid-state materials by using a semiconductor nanocavity and single quantum dot (QD). However, it has been difficult to implement the complete analogue of a single atom laser in solid; single QD nature is masked by inherent feature of self-tuned gain [2] and generally dense distribution of QDs.
Crystal growth and Sample structure
The sample was grown on an undoped (100)-oriented GaAs substrate by molecular beam epitaxy. A 700-nm-thick Al 0.6 Ga 0.4 As sacrificial layer was grown and then, a 165-nm-thick GaAs slab layer was grown including annealed single self-assembled InAs QD layer as the gain material. The areal QD density is ~ 1-2x10 8 cm -2 . The photonic crystal (PhC) was fabricated by using electron beam lithography, an inductive coupled plasma reactive ion etching process using Cl 2 /Ar mixture and HF acid solution wet etching process. The detailed fabrication method has been reported in our previous paper [3] . This series of processes fabricated a semiconductor based air-bridged PhC slab with an air hole array. The nanocavity, which consists of three missing air holes at the center of the PhC pattern, confines photons [4] . The mode-volume is ~0.02 μm 3 and cavity quality factor Q is 25,000.
Experimental results and Discussions
Measurements were performed with a micro-photoluminescence (μ-PL) setup at cryogenic temperature using a continuous-wave Ti:sapphire laser (λ =800 nm) as the excitation source. The pump laser beam was focused to a 3 μm diameter spot on the sample surface. The spectral detuning of the exciton from the cavity mode Δλ is controlled by temperature tuning method. Figure 1a shows PL spectra measured in resonant (Δλ ~0 nm, red) and non-resonant Figure 1b shows the values of the laser threshold measured at various Δλs. Spectral tuning of the target exciton controls the gain of the cavity system. At the zero detuning, the coupling of the single exciton distinctly increases the material gain of the system, and results in a significant reduction in the threshold pump power. An asymmetry in Fig. 1b , slightly lower thresholds in the negative detunings, where the exciton energy exceeds the cavity photon energy, might be explained by Stokes-type phonon assisted process. The light-in versus light-out (L-L) plot at the zero detuning is shown in Fig. 2 . The estimated pump power is ~42nW, while sufficiently detuned cases show ~145 nW in average. To investigate the quantum-statistical characteristics of the laser, we measured photon correlation function ( )
at the exciton coupled condition (Δλ =0) by using a Hanbury Brown-Twiss setup. Here <I(t)> is the expectation value of the intensity of the laser at time t, and τ denotes a delay time. An example of the measurements for g 2 (τ) below the threshold (0.34P th ) is given in Fig. 3a ; P th , threshold pump power of 42 nW. The result demonstrates that the light from the single exciton coupled laser is manifestly nonclassical; exhibiting photon antibunching . The result indicates that the laser has a distinct nature of a single QD at the low power excitation regime.
The photon correlation functions were also recorded and analyzed around and above the threshold (Fig. 3b, 3c ). Of significance is the bunching around the threshold. The photon bunching feature 1 (0) g 2 > is a manifestation of the enhancement of the amplitude noise at the threshold, where the spontaneous and stimulated emission processes comparably coexist. The gradual increase of g 2 (0) can be explained by the shift of the dominant photon statistical feature from the single emitter-like to laser-like feature at the laser threshold. Above the lasing threshold, g 2 (0) decreases and approaches to unity (Fig. 3c) . This behavior indicates that stimulated emission dominates the photon emission process and that the system reaches the lasing regime, where the poissonian photon statistics g 2 (0) =1 is observed. These are the expected behaviors in single emitter lasers.
Recently, influences of single QD state on lasing characteristics have been reported [5, 6] . Our single QDnanocavity system contains ~0.4 QD in average, which is less than 1% compared with these reports. The realization of nearly-isolated-emitter system may result in more distinct single QD nature and manifest phase transition.
Summary
Laser oscillation in a single QD-PhC nanocavity system is demonstrated. The single QD plays an essential role in lasing by providing most of the gain in the system. Distinct phase transition from spontaneous to stimulated emission regimes is clearly observed in the systematic photon correlation measurements. 
